Data has been reposited on dryad and can be accessed via doi:[10.5061/dryad.0p2ngf1ws](https://doi.org/10.5061/dryad.0p2ngf1ws).

Introduction {#sec001}
============

Communication efficiency between animals is determined by the perception range of signals \[[@pone.0238313.ref001]\]. The perception range of acoustic signals depends on both the acoustic properties of the signal and the environment, specifically the physical properties and the acoustic background of the area between sender and receiver which the signal propagates through \[[@pone.0238313.ref001]--[@pone.0238313.ref003]\]. Changes in the environment can influence signal transmission both directly, where the signal itself is affected and indirectly, where a behaviour affecting signal production or perception is constrained. High vegetation density, for example, has a direct effect as it will increase sound attenuation and thus decrease the perception range \[[@pone.0238313.ref004]--[@pone.0238313.ref007]\]. The sound landscape, including sounds produced by other animals, wind or anthropogenic noise, can have similar direct effects by masking the vocal signal \[[@pone.0238313.ref008]--[@pone.0238313.ref011]\]. In contrast a reduction in food distribution can pose an indirect effect, as it can modify the distance between sender and receiver \[[@pone.0238313.ref012],[@pone.0238313.ref013]\], forcing them to forage at greater distance, potentially out of their normal hearing range. To mitigate the direct effects of the environment on the signal itself, senders can either reduce the distance to the receiver, adjust the amplitude and structure of the signal \[[@pone.0238313.ref002],[@pone.0238313.ref006],[@pone.0238313.ref009],[@pone.0238313.ref014]\], or increase the production rate of the signal \[[@pone.0238313.ref002],[@pone.0238313.ref006],[@pone.0238313.ref015],[@pone.0238313.ref016]\]. To diminish indirect environmental effects that influence inter-individual spacing, the sender cannot reduce spacing. Instead he can only try to adjust the signal production, including amplitude, signal structure and the production rate of a signal. The production rate of a signal matters especially for social animals on the move, e.g. olive baboons (*Papio anubis)* \[[@pone.0238313.ref006],[@pone.0238313.ref017]\], goats (*Capra aegagrus hircus*) \[[@pone.0238313.ref018]\] or dolphins (*Tursiops truncatus*) \[[@pone.0238313.ref016]\], as they may frequently move in and out of the signals' perception range. Calling at higher rates therefore increases the probability of the signal being heard by the receiver at any given moment. The receiver can in both cases attempt to increase signal perception by reducing the distance to the sender, a mitigation option that has some limits in the case of indirect effects. When maintaining cohesion and remaining within given distances is a necessity, mediating the effects of changes in the environment will therefore mostly depend on the sender. For acoustic signals we accordingly expect changes in either signal amplitude, structure or signalling rate \[[@pone.0238313.ref002]\]. Here we are particularly interested in the effect of direct and indirect environmental changes on individual calling rate as well as on group cohesion.

Contact calls play a major role in group signalling in many mammal and bird species \[[@pone.0238313.ref019],[@pone.0238313.ref020]\], and are either used to maintain group cohesion \[[@pone.0238313.ref021],[@pone.0238313.ref022]\], or to space out group members to avoid competition \[[@pone.0238313.ref023]\]. Consequently, animals occupying environments with unpredictable rainfall, such as savannas or semi-deserts, and forming highly social and cohesive groups, e.g. baboons (*Papio*), vervet monkeys (*Chorocebus pygerythrus*), meerkats (*Suricata suricatta*), dwarf mongooses (*Helogale parvula*) or pied babblers (*Turdoides bicolor*) to name a few, should have adapted their contact signalling to a variety of environmental conditions, whereby the specific adaptations may differ depending of the specific function of the contact calls in a system. For such species, the direct environmental effects on signal perception will mostly be caused by changes in vegetation density. For example, during wet summer periods vegetation in dry savanna habitats is a lot denser and higher than during dry summer periods \[[@pone.0238313.ref024]--[@pone.0238313.ref028]\]. Background noise, such as wind \[[@pone.0238313.ref010],[@pone.0238313.ref011]\] or the presence of noisy sympatric living species \[[@pone.0238313.ref029]--[@pone.0238313.ref031]\] and/or conspecifics \[[@pone.0238313.ref032]\], are further factors that can influence signal perception directly. Indirect effects on signal perception will mostly relate to the spacing among conspecifics. Seasonal changes in food distribution, and in particular droughts might lead to animals moving further away from their conspecifics in search for scarcer food. Importantly, both direct and indirect effects on call perception can lead to an increased risk of group fission and thus a decrease in foraging time as well as an increase in predation risk \[[@pone.0238313.ref033],[@pone.0238313.ref034]\].

We investigated how individual group members maintain group cohesion and adjust their contact call rate to varying environmental conditions in cooperatively breeding meerkats. Meerkats are obligate group living mammals and inhabit areas of the dry, southern part of Africa with unpredictable rainfall, varying in intensity, duration and timing within and among years \[[@pone.0238313.ref035]\]. Groups of meerkats forage as a cohesive unit, constantly moving, mostly with the head directed downwards, in search for mainly small invertebrate prey in the sand \[[@pone.0238313.ref036]\]. As invertebrate abundance is greatly dependent on precipitation \[[@pone.0238313.ref036]\], meerkats are highly susceptible to food shortages due to droughts, here defined as hotter and drier periods lasting longer than the dry periods typically observed during this season. While foraging, close calls, low amplitude contact calls, are the most frequently emitted vocalization, functioning to maintain group cohesion \[[@pone.0238313.ref021],[@pone.0238313.ref037]\]. When pups are present, meerkats reduce their close call rate, presumably to avoid attracting the attention of begging pups or to avoid information redundancy, and might thus use the much louder pup vocalizations to localize the centre of the foraging group \[[@pone.0238313.ref032]\].

With meerkats relying on vocal exchanges to maintain group cohesion, and group cohesion being crucial for survival \[[@pone.0238313.ref038]\], we expect the animals to have adapted their vocal production to both direct and indirect environmental effects on signal perception. Specifically, we compared the effect of typical wet and dry conditions and an extreme drought on meerkat contact call rate and overall group cohesion. We predicted (i) an increase in distance to the nearest neighbour as a direct response to more scarcely distributed prey during the drought condition, but not during wet conditions, compared to dry conditions, and (ii) an increase in individual call rate under wet conditions to counteract direct effects on signal perception, and an even greater increase during the drought condition, to minimise separation risk compared to dry conditions. We used focal recordings collected during a wet, a dry and a drought year over the same months (October to February), to determine an individual's close call rate and the distance to its nearest neighbour during the different environmental conditions. With meerkats reducing their call rate substantially when pups are present likely to adjust to social noisiness, we controlled for the presence of pups during the different environmental conditions \[[@pone.0238313.ref032]\]. Since the distribution of food in the habitat could not be measured directly, we used changes in individual's morning body weight and weight gain--a proxy for morning foraging success--from long-term data collected by the Kalahari Meerkat Project as an indirect measure for changes in food abundance and thus to establish the presence of an indirect environmental effect on signalling behaviour. We (iii) predicted a linear decrease in body condition and foraging success from wet, to dry, to drought conditions due to increasingly scarcer food. We also analysed long-term data to explore whether (iv) group splits occurred more frequently during drought and wet conditions compared to dry conditions, as a potential result of changes in each individual's signal perception range. We expected more group splitting events during the drought condition than during wet conditions, as in contrast to wet conditions signal perception is reduced indirectly through an increase in spacing, and thus receivers are limited to contribute to improve signal perception by reducing the distance to the sender.

Methods {#sec002}
=======

The data for this study were collected at the Kalahari Meerkat Project (KMP), Kuruman River Reserve, in the Northern Cape Province, South Africa (26°58' S, 21°49' E). Descriptions of the general climate and habitat are provided by Clutton-Brock et al \[[@pone.0238313.ref035]\]. For this study, we were particularly interested in the summer period (October to February) and summarized the meteorological information for these periods from the last seven years in [Table 1](#pone.0238313.t001){ref-type="table"}. Based on the amount of rainfall, the mean maximum and minimum daily temperature and the mean normalized difference vegetation index (NDVI) recorded for the study site ([Table 1](#pone.0238313.t001){ref-type="table"}), we assigned each of the summer periods to one of three distinct environmental conditions: 'wet', 'dry' or 'drought'. This resulted in three summer periods with wet conditions (2010/2011, 2011/2012 and 2016/2017) described by high levels of rainfall, relatively low temperatures and relatively high NDVI score, three summer periods with dry conditions (2012/2013, 2013/2014 and 2014/2015), described by medium rainfall, high temperatures and a low NDVI score and one summer period with drought conditions (2015/2016), described by very low rainfall, very high temperatures and a low NDVI score ([Table 1](#pone.0238313.t001){ref-type="table"}). As part of the long-term, longitudinal data collection at the KMP, each meerkat group was visited three to four days per week in the morning and/or the evening \[[@pone.0238313.ref039]\]. We analysed long-term data on body condition, foraging success and the occurrence of group splits for the summer periods between October and February 2011 until 2017. Furthermore, we collected data for a direct comparison of vocal behaviour and spatial organisation for the summer periods between October and February from 2014 to 2017, with each of the years representing one of the three environmental conditions. All animals in the population were habituated to close human observation up to 1 m and could be identified through individual dye mark combinations \[[@pone.0238313.ref040]\]. As the number of individuals and groups vary between the different summer periods, we summarized the group compositions in [Table 2](#pone.0238313.t002){ref-type="table"} for each of the following analyses separately. For all analysis, we only included the visits to the group during the five months of each summer period specified above.

10.1371/journal.pone.0238313.t001

###### Summary of the meteorological data and the Normalized Difference Vegetation Index (NDVI) for each period of data collection and the resulting categorisation into the environmental conditions used for the different analyses.

![](pone.0238313.t001){#pone.0238313.t001g}

  Period (Oct to Feb)   Environmental Condition   Number of rain days   Total rain (mm³/m)   Max daily rain (mm³/m)   Average max daily temperature (°C)   Average min daily temperature (°C)   Average NDVI score
  --------------------- ------------------------- --------------------- -------------------- ------------------------ ------------------------------------ ------------------------------------ --------------------
  2010/2011             Wet                       46                    321.2                31.8                     34.1                                 15.9                                 0.26
  2011/2012             Wet                       26                    176.8                28.4                     34.4                                 13.8                                 0.22
  2012/2013             Dry                       17                    33.0                 10.0                     36.2                                 16.1                                 0.16
  2013/2014             Dry                       26                    98.8                 23.8                     34.2                                 15.8                                 0.19
  2014/2015             Dry                       28                    50.8                 9.2                      35.4                                 15.6                                 0.16
  2015/2016             Drought                   9                     13.4                 5.8                      36.3                                 17.5                                 0.15
  2016/2017             Wet                       25                    248.0                47.0                     34.7                                 16.0                                 0.21

10.1371/journal.pone.0238313.t002

###### Description of groups used for each period, categorized in environmental conditions, and total number of groups and individuals used for each of the analyses.

![](pone.0238313.t002){#pone.0238313.t002g}

  Period (Oct to Feb) Environmental condition   Total groups in long-term data   Number of groups/ individuals for each analysis                                                        
  --------------------------------------------- -------------------------------- ------------------------------------------------- -------- ------- ---- ----- ---- ---- ---- ---- ---- -------
  2010/2011                                     Wet                              14                                                19 ± 6   3--34   14   207   14   14   \-   \-   \-   \-
  2011/2012                                     Wet                              16                                                19 ± 9   3--36   16   235   16   16   \-   \-   \-   \-
  2012/2013                                     Dry                              18                                                13 ± 7   3--36   18   264   18   18   \-   \-   \-   \-
  2013/2014                                     Dry                              17                                                9 ± 4    3--24   16   129   17   16   \-   \-   \-   \-
  2014/2015                                     Dry                              18                                                13 ± 5   3--24   17   109   18   18   12   71   9    3 ± 2
  2015/2016                                     Drought                          14                                                11 ± 5   3--24   14   119   14   14   11   63   6    3 ± 1
  2016/2017                                     Wet                              13                                                12 ± 6   3--25   12   31    13   13   10   31   3    4 ± 2

Ethical note {#sec003}
------------

All data collection adhered to the Association for the Study of Animal Behaviour (ASAB) guidelines. All research was conducted under the permission of the ethical committee of Pretoria University (Permit number: EC031-13) and the Northern Cape Conservation Service, (FAUNA 1020/2016), South Africa. Access to the field site was granted by the Kalahari Research Trust as well as the neighbouring farmers.

Focal recordings of call rate and distance to nearest neighbour {#sec004}
---------------------------------------------------------------

To investigate whether the cohesion mechanism of meerkats was affected by environmental conditions, we collected detailed vocal and spatial information on the adult individuals of each meerkat group (see [Table 2](#pone.0238313.t002){ref-type="table"} for information on the number of individuals and groups) for one summer per condition. Vocalizations of the meerkats were recorded using a directional microphone (Sennheiser ME66 with K6 powering module) at 0.3--1.5 m to the focal individual, while simultaneously documenting the nearest neighbour identity and distances through a handheld microphone (Philips SBC MD 110) onto the second channel of a Marantz recorder (PMD661 professional, sampling frequency 48 kHz, 24 bit). Distances to the nearest neighbour were estimated visually and categorically ('0--2 m', '2--5 m', '5--10 m' and '\>10 m') by the observer, and were documented whenever a change in category occurred. Due to the relatively small distances to be estimated, these categories provide fairly accurate data. The length of each recording was determined by the number of close calls emitted by the focal within the first 5 min of the recording: if less than 10 close calls were emitted, the recording was extended until 10 calls were recorded or to a maximum 10 min recording time. The number of close calls emitted by the focal and the time periods the focal spent at the different distance categories to its nearest neighbour were quantified from the sound files using Cool Edit Pro 2.0 (Syntrillium Software Corporation). We counted the overall number of close calls emitted by the focal during each recording ([Table 2](#pone.0238313.t002){ref-type="table"}) and calculated the close call rate per minute foraging as well as the call rate per minute of the focal for each nearest neighbour distance category. Finally, we calculated the proportion of the total recording time each focal spent within each specific nearest neighbour distance categories.

Frequency of group splits {#sec005}
-------------------------

To investigate whether reduced group cohesion may lead to higher frequency of group splits and varied depending on the environmental conditions, we analysed the long-term data of the KMP over a period of seven consecutive summers ([Table 2](#pone.0238313.t002){ref-type="table"}). During each visit to a meerkat group, observers recorded if a group split had occurred. Group splits were defined as a group temporarily splitting into two or more mixed-sex subgroups being further than 100 m apart from each other for at least 15 min. Groups might travel at higher speeds and further distances during drought conditions compared with the wet or dry conditions, and this might additionally influence an individual's perception range. Accordingly, we also tested whether meerkats travelled further and at different speeds during under different conditions, but found no biologically meaningful difference (see [S2 File](#pone.0238313.s002){ref-type="supplementary-material"}).

Body condition and foraging success {#sec006}
-----------------------------------

We used morning weight and foraging success as a proxy to establish whether drought conditions represent an indirect effect on signal perception. As part of the general protocol of the long-term data collection of the KMP each meerkat was weighed by climbing onto electronic scales where it was rewarded with a small amount of boiled egg or water. Meerkats of a particular group were weighed at each visit by a researcher to that group, before the group started foraging in the morning (morning weight), again at 'lunch' after about three hours of foraging (lunch weight), and in the evening before meerkats went below into their sleeping burrow (evening weight) \[[@pone.0238313.ref039]\]. To avoid any confounding effect due to the difference in dominant and subordinate individuals' weights, we only included adult subordinate individuals in our analysis and used the morning weights as a measure of body condition. Furthermore, we estimated an individual's foraging success by calculating its weight gain during the morning visit. To do so we calculated the difference between an individual's lunch weight and its morning weight and standardized it by the time between the morning weight and the lunch weight for each individual. Positive values indicate an individual weight gain (g/hour), while values below zero reflect an individual weight loss.

Statistical analyses {#sec007}
--------------------

Statistical tests were carried out using R (version 3.5.0) \[[@pone.0238313.ref041]\]. To investigate whether the call rate changed depending on the environmental condition, the distance to the nearest neighbour, or the interaction between the two, we fitted a linear mixed-effects model (LMM) \[[@pone.0238313.ref042]\], also controlling for the effect of the presence of pups. We used the number of close calls emitted by a focal individual when in a specific distance category from its nearest neighbour as the response variable and added an offset of the logarithm of the total recording time. As explanatory variables, we included the interaction between the environmental condition and the distance category. For this analysis we combined the nearest neighbour distance categories '0--2 m' and '2--5 m' into '0--5 m'; and '5--10 m' and '\>10 m' into '\>5 m' to reduce the number of factor levels and thus be able to fit the interaction in the GLMM. We included the identity of the focal individual nested within recording date and group identity in the random terms, as most of the individuals were recorded multiple times and most group members were recorded on the same date. To assess the significance of differences between the dry and the drought condition for this and each of the following analysis, we performed pairwise post-hoc comparisons using the package multcomp \[[@pone.0238313.ref043]\].

We examined whether meerkats spent a higher proportion of time further away from their nearest neighbour during the drought compared to the wet and dry conditions using a Dirichlet regression \[[@pone.0238313.ref044]\]. We used a matrix of the different time proportions within each nearest neighbour distance category as a response, and environmental condition as explanatory variable. We analysed the propensity for groups to split into subgroups depending on the environmental condition. For this we used a GLMM with a binomial link function, with the presence or absence of a split on a given observation day as the response variable, environmental condition as well as total group size as explanatory variables and group identity as random term.

To evaluate whether drought conditions influenced meerkat signalling indirectly, we investigated whether the body condition of meerkats was negatively influenced by the drought compared to wet and dry conditions, by fitting a LMM with an individual's morning weight as response variable and environmental condition as well as each individuals age as explanatory variable. As random factors we added summer period, to correct for the difference in number of summers comprised in each environmental condition (see [Table 2](#pone.0238313.t002){ref-type="table"} for details) as well as individual identity nested within group identity, to account for multiple measurements of individuals within each group. We did a stepwise model reduction, where the full model was compared to all lower level models. The models were compared based on Akaike information criterion (AIC) and we used the model with the lowest value as the model with the best fit. If the difference between models was within 2 delta AIC, we chose the one with the lower number of degrees of freedom as the best model. To assess the significance of each of the fixed effects in the final model we did a log likelihood ratio test (LRT), comparing for each fixed effect the final model to a model without the variable. The same process was also used for each of the following analyses that used linear or generalized (GLMM) linear mixed-effects models. In addition, for each model we checked explanatory variables' collinearity and visually inspected whether the model assumptions were fulfilled. To investigate whether foraging success of the meerkats was lower during the drought compared to the wet and dry conditions, we fitted a LMM with the standardized weight gain as response variable and environmental condition and individual age as explanatory variable and summer period, as well as individual identity nested within group identity as random terms. We also tested whether individual age differed between environmental conditions by fitting a GLMM with the rounded age in years as response variable, environmental condition as explanatory variable and summer period as well as individual identity nested within group identity as random terms.

Results {#sec008}
=======

Increasing dryness affected foraging behaviour and the cohesion of meerkat groups substantially. In line with our predictions that meerkats might counter an increase in group dispersion under extreme environmental conditions with more frequent signal production, we found a significant interaction between the environmental condition and the distance to the nearest neighbour, whereby meerkats emitted more calls during the drought (6.50 ± 1.26 calls/min) than during wet (4.05 ± 1.34 calls/min, P = 0.653) and dry conditions (2.67 ± 1.24 calls/min, P = 0.003; [Fig 1a](#pone.0238313.g001){ref-type="fig"}) even at further distances to their nearest neighbour (LRT: χ^2^ = 11.7, P value = 0.008; S1 and S2 Tables in [S1 File](#pone.0238313.s001){ref-type="supplementary-material"}). Individuals emitted 4.36 ± 5.03 calls/min) when pups were present and 7.62 ± 9.00 calls/min when no pups were present (LRT: χ^2^ = 3.75, P value = 0.055; S1 Table in [S1 File](#pone.0238313.s001){ref-type="supplementary-material"}), suggesting a strong tendency for the presence of pups to decrease call rate, regardless of the environmental conditions.

![(a) Effects of environmental condition on the close call rate of an individual when the nearest neighbour was within 5 m (circle) and further than 5 m (triangle) of the caller; (b) Proportion of time individuals spent at different distance categories ('0--2 m', '2--5 m', 5--10 m, and '\>10 m') from their nearest neighbour during the different environmental conditions; (c) Percentage of observation days with group splits and (d) Mean morning weight of adult subordinate individuals under the different environmental conditions tested.\
In panel a), c) and d) points represent (Generalised) Linear Mixed-effects Model estimates and error bars the 95% confidence intervals, while in panel b) the raw data is plotted.](pone.0238313.g001){#pone.0238313.g001}

When comparing the proportion of time meerkats spent within specific distance categories (0--2 m, 2--5 m, 5--10 m, \>10 m) to their nearest neighbour, we found as expected that meerkats decreased the proportion of time spent within 0--2 m to their nearest neighbour from 68% in the wet to 62% in the dry and to 52% in the drought conditions. During the drought (32%), but not dry conditions (28%), the animals significantly increased the proportion of time they spent within 2--5 m to their nearest neighbour compared to the wet conditions (19%). In contrast to our predictions, however, there was no significant difference in the proportion of time individuals spent within 5--10 m when comparing the wet (9%) to the dry (8%) and the drought (13%) as well as the dry to the drought conditions. Similarly we found no difference in the proportion of time individuals spent further than 10m from their nearest neighbour when comparing between the wet (4%) and the dry (2%), the wet and the drought (3%) and the dry and the drought conditions (P = 0.80; S3 Table in [S1 File](#pone.0238313.s001){ref-type="supplementary-material"}, [Fig 1b](#pone.0238313.g001){ref-type="fig"}).

Groups were 2.2 times more likely to split in the wet conditions (2.69% splits within 2784 group visits) and 3.2 times more likely to split in the drought conditions (3.84% splits within 2225 group visits) compared to the dry conditions (1.21% splits within 4086 group visits, LRT: χ^2^ = 28.45, P value \< 0.001, [Fig 1c](#pone.0238313.g001){ref-type="fig"}, S4 and S5 Tables in [S1 File](#pone.0238313.s001){ref-type="supplementary-material"}). In addition, the likelihood for groups to split increased with increasing group size (LRT: χ^2^ = 56.59, P value \< 0.001, S4 and S5 Tables in [S1 File](#pone.0238313.s001){ref-type="supplementary-material"}).

Morning weight, taken as a proxy for body condition, was significantly lower during the drought condition (estimated morning weight = 520 ± 19.05 g) compared to wet conditions (average morning weight = 582 ± 20.82 g), but not compared to dry conditions (average morning weight = 560 ± 20.69 g). As morning weight during the dry periods was also not significantly lower than during the wet period this suggests a gradual decline of body condition with increasing dryness (LRT: χ^2^ = 8.13, P value = 0.02, S6 and S7 Tables in [S1 File](#pone.0238313.s001){ref-type="supplementary-material"}, [Fig 1d](#pone.0238313.g001){ref-type="fig"}). In contrast, we found no significant difference in foraging success, estimated through the standardized difference between an individual's lunch weight and its morning weight, between the wet (estimated weight gain = 6.05 ± 0.56 g/hour) and dry (estimated weight gain = 7.24 ± 0.75 g/hour), the wet and drought (estimated weight gain = 6.36 ± 1.06 g/hour) and the dry and drought conditions (LRT: χ^2^ = 3.22, P value = 0.20, [Fig 1a](#pone.0238313.g001){ref-type="fig"}, S8 and S9 Tables in [S1 File](#pone.0238313.s001){ref-type="supplementary-material"}). Both individual morning weight (LRT: χ^2^ = 652.7, P value \< 0.001, S6 Table in [S1 File](#pone.0238313.s001){ref-type="supplementary-material"}) and foraging success (LRT: χ^2^ = 46.7, P value \< 0.001, S8 Table in [S1 File](#pone.0238313.s001){ref-type="supplementary-material"}) were significantly correlated to the individuals age, but there was no difference in individual age between the wet (estimated age = 3.03 ± 1.33) and dry (estimated age = 3.81 ± 1.46), the wet and drought (estimated age = 6.84 ± 1.65) and the dry and drought conditions (LRT: χ^2^ = 1.65, P value = 0.44, S10 and S11 Tables in [S1 File](#pone.0238313.s001){ref-type="supplementary-material"}).

Discussion {#sec009}
==========

Our study shows that meerkats adjusted their vocal behaviour to changes in their environment and maintained high levels of group cohesion. Individual close call rate was significantly higher in the seldom occurring extreme drought periods compared to the more typically occurring wet and dry conditions. Meerkats spent less time within 0--2 m to their nearest neighbour in both the dry and the drought conditions than in the wet condition, and more time within 2--5 m in the drought, but not during the dry conditions. We found no effect of the environmental condition on the proportion of time spent at larger distances (5--10 m and \>10 m) to the nearest neighbour. These findings are in line with our predictions that during drought conditions, when perception range is affected indirectly through increases in spacing among group members, the improvement of signal perception depends mostly on the sender. Accordingly, indirect effects of the environment will lead to changes in the property of the signal or the rate of its production as shown here. This is because group members likely try to avoid foraging competition from their conspecifics and search for more scattered and scarce food items, thus unavoidably increasing the distance between close neighbours. In contrast, when the perception range of a signal is affected directly, as here during the wet conditions with little food limitation, both the sender and the receiver can mediate the effect by reducing the distance to each other. Consequently, the properties of the signal or the production rate should be less affected. However, previous studies e.g. on baboons \[[@pone.0238313.ref006]\] and flycatchers \[[@pone.0238313.ref008]\] among many others, have shown that individuals adjust the production rate and/or modulate the structure of their vocalizations in response to increased vegetation density or noise \[[@pone.0238313.ref002],[@pone.0238313.ref009]\]. This indicates that, in our study, the difference in vegetation density between the analysed wet and dry condition was likely not as influential as in these other studies and thus no additional changes in call production rate were necessary.

As we had no data available on the distribution and amount of prey items available under the different conditions, we used the changes in individual morning weight and weight gain as a proxy for changes in food abundance, to further support our assumption that environmental conditions could have indirect effects on signal perception. Morning weight declined gradually from the wet to the drought condition. We found no indication that the decline in morning weight was due to a difference in average individual age during the different conditions. Rather changes in morning weight may be explained by the effort to prevent rises in body temperature during extremely hot days, either with an increase in evaporative water loss or by moving into the shade and stopping to forage \[[@pone.0238313.ref045]\]. This result indicates a decrease in food abundance with increasing dryness and thus the presence of an indirect environmental effect on the perception range of signals. Individual weight gain per hour foraging remained similar regardless of environmental conditions. Meerkats experiencing environmental conditions with high food availability and temperatures not exceeding their body temperature, usually forage only until they are satiated and then spend their time on other activities, e.g. as sentinels \[[@pone.0238313.ref046]\] or resting and socialising (unpublished long-term data). In contrast during the drought condition, meerkats focused on more efficient foraging, thus maintaining a similar food intake per hour, and showed less cooperative sentinel behaviour in the drought compared to wet and dry conditions \[[@pone.0238313.ref047]\]. It is also important to note that we measured the weight gain (in g/hour) of individuals as proxy for foraging success and not the actual caloric intake, which may have differed between the different environmental conditions.

Group splits occurred most frequently during the drought and least frequently during dry conditions. This is in line with our predictions, that individuals are less able to maintain cohesion when signal perception is indirectly affected by the environment through an increase in individual spacing as is likely the case during the drought \[[@pone.0238313.ref024]--[@pone.0238313.ref026]\]. The cohesion mechanism of meerkats functions by individuals adjusting their call rate depending on their own location within their group, and by following in the direction of 'vocal hotspots', areas where many calls are heard from \[[@pone.0238313.ref021]\]. During the dry conditions, meerkats were likely not food limited and following a global hotspot was possible. However, during the drought as individuals increase their call rate in order to improve signal perception several 'vocal hotspots' might emerge. As a result, while cohesion with the nearest neighbours was maintained, small subgroups foraging at increasing distances seemed to form (personal observations Toni & Manser). Following a single global hotspot may not be feasible once group members disperse over too large an area to remain within the hearing range of the signal of the majority of the group \[[@pone.0238313.ref021]\]. Instead, when group dispersion increases as in larger groups or also in smaller groups during a drought, each meerkat may only listen to its local environment rather than to the global call pattern, leading to the observed increased group fission. Foraging in smaller subgroups might be the optimal solution to cope both with an increase in predation risk and with the increased competition for resources between group members. With fission-fusion dynamics likely being a response to the cost of grouping \[[@pone.0238313.ref048]--[@pone.0238313.ref050]\], this result indicates that the optimal group size for communication decreases and that the cost of grouping increases when spacing becomes constrained and individuals are forced to forage at larger distances.

How a species will adjust its signalling behaviour depends on both the context and the function of a signal. While contact calls are one of the most frequent vocalizations of many birds and mammals, they vary in their function \[[@pone.0238313.ref019]\]. For example, meerkats are attracted to the contact calls and use vocal hotspots to follow in the direction where most calls are heard from. The sympatric living pied babblers, also foraging as cohesive groups on the ground, however, emit chucks (a type of contact call) at higher rates to reduce the likelihood of being approached by a conspecific, likely to avoid foraging competition \[[@pone.0238313.ref051]\]. Due to this different function of the contact calls of babblers--and this is purely speculative and would require to be tested to be confirmed--, the effect of environmental variation from wet to dry to drought conditions may be the opposite to what is seen in meerkats. During wet conditions with high food availability, babblers might therefore call at lower rates, while drought conditions might not affect chuck call rate at all, as animals are already much more spread out.

Our results provide evidence that social animals can flexibly adjust their group coordination behaviour to cope with direct and indirect effects of the environment on signal perception. Nevertheless, meerkat groups did split up more frequently when signal transmission seemed reduced, indicating that these adjustments have limitations. In our study, animals only changed their vocal behaviour in response to indirect environmental effects influencing individual spacing. This suggests that there might be a cost to calling at higher rates and that remaining at closer distances to conspecifics might be a more efficient way to cope with changes in signal perception when conditions allow it. However, because the difference in vegetation density in our study might not have been so high as to greatly affect sound attenuation, and due to the correlational nature of our study, it is possible that these findings have a different cause. For example, increased vegetation density will also affect predator detection, which in turn can affect group cohesion or the fission-fusion dynamics of a species \[[@pone.0238313.ref048]\]. To fully evaluate the effects of different environmental conditions, the amount of sound attenuation during each condition should be measured. While in mobile species, manipulating the overall environment is impossible, sound playbacks or manipulating food availability might allow to investigate the effects of the different direct and indirect environmental effects with greater precision.

As has been suggested for indirect effects of noise, which can lead to an increase in individual stress and influence an animal's physiology \[[@pone.0238313.ref010]\], indirect effects through increased spacing might have a much stronger effect on the population than direct effects. If these conditions persist and inter-individual distances are constrained for long periods of time, selection pressure on signalling will increase. This could lead to an increase in signalling frequency as shown here, or to structural changes of a signal (including signal amplitude, duration or modulation). Whether changes in signal frequency or signal structure are effective to counter constrained inter-individual spacing, likely depends on the structure of the original signal. Increasing the call rate for monosyllabic, short signals, such as a meerkats' close call, might be more effective than increasing signalling frequency for combinatorial signals or signals composed of multiple syllables, where additional repeats might lead to an alteration of the perceived meaning \[[@pone.0238313.ref052],[@pone.0238313.ref053]\]. In our study we focused on changes in call rate and did not include changes in the amplitude or the structure of a signal. However, individuals might use a combination of different adjustments to improve signal transmission and different combinations might be more efficient depending on the original signal and the current environment. For example, olive baboons have been shown to adjust both the duration of calls as well as the frequency of signalling depending on habitat openness \[[@pone.0238313.ref006]\]. Finally, mammalian signalling has long been regarded as rather fixed with little vocal flexibility \[[@pone.0238313.ref054],[@pone.0238313.ref055]\]. Our results confirm that of previous studies \[[@pone.0238313.ref002],[@pone.0238313.ref009]\], and suggest that mammals can actually adjust their signalling behaviour to dynamic changes in their environment. Knowledge about these adjustments and potential trade-offs will allow to better understand how specific signals evolve and are maintained and as a consequence, how and whether animals relying on acoustic signalling will be able to cope with changes in the environment, be they natural or human induced.

Supporting information {#sec010}
======================

###### Additional information on results of the models fitted for the different analysis.

(DOCX)

###### 

Click here for additional data file.

###### Additional analysis on change in group speed with regards to the different environmental conditions.

(DOCX)

###### 

Click here for additional data file.
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5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: The Manuscript entitled "Signalling adjustments to direct and indirect environmental effects on signal perception in meerkats" represents an interesting attempt to describe how environmental changes may shape sociality and vocal behavior in a wild population of meerkats.

A lot of work has been done on this wild population, but this MS provides new insights about meerkats' adaptability to their unpredictable natural environment.

The Manuscript is overall well written and structured, but an improvement is necessary before publication. For this reasons I suggested the Editor to consider this MS for publication, after a revision.

Introduction

All the first part of the Introduction section is centered around the difference between "direct" and "indirect" impacts on signal transmission. Nevertheless the difference between the two is somewhat misleading, as presented differently in consecutive sentences (LL. 22-29).

I suggest to rewrite the first paragraph (from line 22 to 37), by focusing on the main idea that is expressed in lines 19-20. I strongly recommend to strengthen the idea that environmental characteristics may directly impact the nature of the acoustic signal itself (in both acoustic and temporal features), or indirectly impact the signaler's vocal production (e.g. inter-individual spacing, cohesion calls, etc.).

I suggest to insert a paragraph focusing on the role of contact and cohesion calls in primates.

L.57 I think the Authors should better explain here the differences between dry and drought season.

LL. 59-61 According to Wyman et al. 2017 \[26\] pups begging calls may mask the adult contact calls, so that meerkats reduce their calling rate to avoid information redundancy. For the aim of this Manuscript, I think it would be important to tell the reader if pups (and how many) were present in all the sampled groups and in all the periods. As suggested by Mausbach et al. 2017, if I am not wrong, the season between October and February should be characterized by the presence of pups (\<3 months old), and I would like to understand if not only the presence/absence of pups but also the number of pups/group may influence the calling rate. Have you tested for this factor too?

I also suggest to cite here the results from Mausbach et al. 2017, according to the relationship between call rate and environmental windy condition.

I think that Authors' hypotheses are consistent with the literature and well organized according to the logic of the Introduction section.

Methods

The Method section is well organized and detailed. Here my detailed comments:

L. 87 A number in brackets should be provided for the Clutton-Brock et al. 1998 citation.

I would suggest to the Authors to switch between Table 1 and Table S1 (Supplement1). In my opinion, the readers would be more interested in visualizing the details of the data composition for this study. Environmental details for the study period may be more appropriate in the Supplemental Materials.

LL. 121-123 The authors should be more clear here. How did they estimate the nearest neighbor identity and distances through sound recordings?

LL133-141 The Authors well explained what a group splitting is (mixed-sex sub-groups being further than 100 m apart for at least 15 minutes). It is not clear, nevertheless, how the number of group split is reported in Table S1. In Table S1 the number of groups in the Group Split column is equal to the Total number of groups (except for Dry season 2013/2014, that is dropped of one unit: this means that one group did not split in 2013/2014?). If I am not wrong, the Authors tested the frequency of group splits in the different seasons, as the % of the observation days in which the splits were observed. I think that the number of days of split over the total number of days of observation should be provided in the table or in the text.

When there were group splits did you implement the number of groups tested in the models, considering the both the group and the sub-group as separate units, or still considered the group of origin as a single group? The fact that animals are more likely to split in the drought season, consequently being further than 100 m apart for longer periods, should emerge also from the analysis of the time spent in each distance category. This is not apparently emerging from the results. Did you consider split groups as different groups in the Dirichlet regression?

Results

I suggest to pay attention to the way in which the Authors called the Supplementary Materials. Table S1 is present in both Supplement 1 and Supplement 2, thus being confounding for the reader.

I found Figure 1 very helpful for the reader. I suggest to modifying the Figure, by insert two more graphs: one for the relationship between the call rate and the presence/absence of pups (and eventually the correlation between the call rate and the number of pups) and the Figure S1.

Models provided results for the differences between Wet and Dry conditions and Wet and Drought conditions. I suggest the Authors to test the differences between Dry and Drought conditions in the different models, for example by using the multcomp package in R, to test whether significative differences emerge also for the factors in the two different conditions.

Discussion

I think that the Authors well discussed the results at the light of their hypothesis and that they should focus more on the direct (on call rate) and indirect (on group cohesion) effects of the environment on acoustic signals.

However, the discussion lacks a comment on the relationship between call rate and the presence of pups, also at the light of the findings of previous works on the same population, explaining why meerkats may cope with environmental as social factors affecting vocal emission.

LL 263-267 I think that the differences between dry and drought conditions affecting the frequency of group splits are not well discussed here.

The Authors stated that individuals are less able to maintain cohesion when signal perception is directly affected by the amount of individual spacing between group members, thus expecting a gradual increase in call rate and in inter-individual distance from the wet to the dry and drought seasons. The results are only partially in line with this scenario. How do the Authors explain the different trend observed in the dry season? By providing the results of the comparison between dry and drought season, as suggested before, the Author could also provide more explanation about the observed variation. The hypothesis that fission-fusion dynamics may explain the Authors observations is, in fact, interesting, but it is not completely clear how to read the emerging differences in the group split in relation to the dry or drought condition. Are the Authors stating (LL274-275) that in the dry condition the groups are more dispersed that in the wet condition, while in the drought season they split, and form smaller sub-groups in which the individuals disperse over longer distances? Why this dispersion did not emerge from the distance analysis?

Reviewer \#2: Review of MS: Signalling adjustments to direct and indirect environmental effects on signal perception in meerkats

I have reviewed the paper by Toni et al.

I thought this was a well written and interesting MS that investigated the extent to which meerkats can flexibly modify their group coordination behaviour when faced with both direct and indirect environmental effects on signal perception.

I found the analyses to be solid and the results convincing. My comments are therefore mainly aimed at the discussion of the results which I feel could be broadened slightly.

Specifically, I found the discussion to be very meerkat-centric and hence would encourage the authors to zoom out slightly in the discussion and contextualise the results more broadly. How do their results compare and contrast with similar findings in other species and what are the implications of this? I don't envisage an extensive re-writing here, just a paragraph or two would be useful in understanding how the meerkat results fit in to what is generally known about vocal mitigation of environmental effects on signal perception in animals.

In line with this, it might also be useful to comment on what light these findings may be able to shed on the ongoing discussion surrounding mammalian vocal flexibility. I appreciate this is not the focus of the paper, but nevertheless such results provide further support against the notion that mammal vocal production is hardwired and confirms that relatively dynamic changes in the social or ecological environment are responded to with equally dynamic changes in vocal production.

Lastly, perhaps some discussion regarding the correlational nature of the findings and the potential drawbacks of this could be important. Furthermore, if the authors have considered following up their observational results with experiments it might be worthwhile outlining what form such experiments might take.

Minor points:

1\) Why did the authors not also include "group" as a random factor when investigating what factors influence group split propensity?

2\) L186: Can you elaborate exactly what you compared in the LRT tests when assessing the significance of each of the fixed effects in the final model.

3\) L203: Can you provide some quantification of variability around the mean for the differences in call rate when pups were present and absent?

4\) L34-36: This is an oddly phrased sentence, perhaps consider revising

5\) L35-37: You use "thus" twice in quick succession.

6\) L198: Change to "Increasing dryness substantially affected..."

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]
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Response to reviewers

Reviewer \#1

The Manuscript entitled "Signalling adjustments to direct and indirect environmental effects on signal perception in meerkats" represents an interesting attempt to describe how environmental changes may shape sociality and vocal behavior in a wild population of meerkats.

A lot of work has been done on this wild population, but this MS provides new insights about meerkats' adaptability to their unpredictable natural environment.

The Manuscript is overall well written and structured, but an improvement is necessary before publication. For this reasons I suggested the Editor to consider this MS for publication, after a revision.

Introduction

All the first part of the Introduction section is centered around the difference between "direct" and "indirect" impacts on signal transmission. Nevertheless the difference between the two is somewhat misleading, as presented differently in consecutive sentences (LL. 22-29).

I suggest to rewrite the first paragraph (from line 22 to 37), by focusing on the main idea that is expressed in lines 19-20. I strongly recommend to strengthen the idea that environmental characteristics may directly impact the nature of the acoustic signal itself (in both acoustic and temporal features), or indirectly impact the signaler's vocal production (e.g. inter-individual spacing, cohesion calls, etc.).

Response: As stated in the first paragraph (L17-42), direct environmental effects on signal transmission refer to effects that will affect the signal itself through sound attenuation or masking, while indirect effects refer to situations where the signal transmission is affected by imposing constraints on other behaviours on the signaller or receiver that will prevent optimal transmission (L20-L22). For instance, a reduction of food availability will constrain foraging behaviour and result in an increase in inter-individual spacing. The important difference as mentioned is that in the case of direct effects individuals can move freely, while in the indirect case, animals are constrained in their movement (L29-L30).

I suggest to insert a paragraph focusing on the role of contact and cohesion calls in primates.

Response: We have added more information on the function of contact calls in mammal, including primate and bird species, though we do not think a full paragraph is necessary. L43-L50: "Contact calls play a major role in group signalling in many mammal and bird species (19,20), and are either used to maintain group cohesion (21,22), or to space out group members to avoid competition (23). Consequently, animals occupying environments with unpredictable rainfall, such as savannas or half deserts, and forming highly social and cohesive groups, e.g. baboons (Papio), vervet monkeys (Chorocebus pygerythrus), meerkats (Suricata suricatta), dwarf mongooses (Helogale parvula) or pied babblers (Turdoides bicolor) to name a few, should have adapted their contact signalling to a variety of environmental conditions, whereby the specific adaptations may differ depending of the specific function of the contact calls in a system."

L.57 I think the Authors should better explain here the differences between dry and drought season.

Response: Here we define drought to be a temperature and precipitation extreme that lasts untypically long. We added additional information in the sentence to clarify our definition (L66-L67).

LL. 59-61 According to Wyman et al. 2017 \[26\] pups begging calls may mask the adult contact calls, so that meerkats reduce their calling rate to avoid information redundancy. For the aim of this Manuscript, I think it would be important to tell the reader if pups (and how many) were present in all the sampled groups and in all the periods. As suggested by Mausbach et al. 2017, if I am not wrong, the season between October and February should be characterized by the presence of pups (\<3 months old), and I would like to understand if not only the presence/absence of pups but also the number of pups/group may influence the calling rate. Have you tested for this factor too?

Response: Wyman et al. 2017 found that the presence of pups rather than the absolute number of pups or the ratio of pups to adults was important to explain the effect of pups on the close call rate of adult meerkats. In addition, the sample sizes for the different pup numbers across the different seasons were quite low, which can lead to problems in the analysis. Therefore, we decided to control only for the presence of pups rather than the number of pups. Testing the effect of pups on call rate was not the purpose of this study.

We reformulated sentences stating we included pup presence in our analyses to make it clearer that this is not what we aimed at testing (L82-L84). In addition, we do now include more detailed information on the number of pups per group per period (Table 2)

I also suggest to cite here the results from Mausbach et al. 2017, according to the relationship between call rate and environmental windy condition.

Response: We included a citation of the Mausbach et al 2017 paper in L25 and L53.

I think that Authors' hypotheses are consistent with the literature and well organized according to the logic of the Introduction section.

Response: Thank you

Methods

The Method section is well organized and detailed. Here my detailed comments:

L. 87 A number in brackets should be provided for the Clutton-Brock et al. 1998 citation.

Response: Done (now L100)

I would suggest to the Authors to switch between Table 1 and Table S1 (Supplement1). In my opinion, the readers would be more interested in visualizing the details of the data composition for this study. Environmental details for the study period may be more appropriate in the Supplemental Materials.

Response: We agree that providing details on the data the analyses are performed on would be informative, and now include Table S1 as Table 2 in the main text. However, providing environmental information, seems also necessary to us to justify our categorization between wet, dry and drought conditions, and was stressed by a reviewer from a previous submission. We therefore left Table 1 in the main text.

LL. 121-123 The authors should be more clear here. How did they estimate the nearest neighbor identity and distances through sound recordings?

Response: Distances to the nearest neighbour were estimated visually by the observer who followed the meerkat to record its vocalizations, and whenever a change in nearest neighbour distance category ('0-2 m', '2-5 m', '5-10 m' and '\>10 m') occurred, this was noted. Due to the relatively small distances, the distance categories provide fairly accurate data. We added this information in L139-L142.

LL133-141 The Authors well explained what a group splitting is (mixed-sex sub-groups being further than 100 m apart for at least 15 minutes). It is not clear, nevertheless, how the number of group split is reported in Table S1. In Table S1 the number of groups in the Group Split column is equal to the Total number of groups (except for Dry season 2013/2014, that is dropped of one unit: this means that one group did not split in 2013/2014?). If I am not wrong, the Authors tested the frequency of group splits in the different seasons, as the % of the observation days in which the splits were observed. I think that the number of days of split over the total number of days of observation should be provided in the table or in the text.

Response:

Table 2 (formerly Table S1) provides the number of groups and individuals used for each period and for each analysis performed for each period. The numbers of groups analysed change between analysis as not all data was available for each group.

For the group split analysis the response variable was the presence or absence of a group split during a visit to a group (L201-205) and not the percentage of splits for each group. We controlled for variation between groups by adding group ID in the random term. L202: "For this we used a GLMM with a binomial link function, with the presence or absence of a split on a given observation day as the response variable, environmental condition as well as total group size as explanatory variables and group identity as random term." In the results section, we provide values of predicted average % visits out of the total number of visits, extracted from our GLMM. The information on the number of splits per number of group visits is given in the results L262-266.

When there were group splits did you implement the number of groups tested in the models, considering the both the group and the sub-group as separate units, or still considered the group of origin as a single group? The fact that animals are more likely to split in the drought season, consequently being further than 100 m apart for longer periods, should emerge also from the analysis of the time spent in each distance category. This is not apparently emerging from the results. Did you consider split groups as different groups in the Dirichlet regression?

Response: Indeed, due to the way the data is collected, group splits will not be visible in the data from the focal follows (vocal data and nearest neighbour distance data). When a group splits during an observation session (which even during the drought conditions was a rare event), the observer will stay with the part of the group pertaining to the dominant female. In addition, as a group split is only a group split when more than one individual is missing (otherwise it is more likely a single lost individual or a dispersal event), all individuals in the observed group/subgroup will have nearest neighbours within the usual distance range. Note that we only had information on the nearest neighbour and not overall distance between all group members. To clarify we added this information in the section title for the data collection (L 136-141).

Results

I suggest to pay attention to the way in which the Authors called the Supplementary Materials. Table S1 is present in both Supplement 1 and Supplement 2, thus being confounding for the reader.

Response: Thank you. We fixed it and renamed the supplementary tables with a continuous numbering, and adjusted it in the results section of the manuscript.

I found Figure 1 very helpful for the reader. I suggest to modifying the Figure, by insert two more graphs: one for the relationship between the call rate and the presence/absence of pups (and eventually the correlation between the call rate and the number of pups) and the Figure S1.

Response: As mentioned above, our objective was to investigate the effect of different environmental conditions on contact call rate and not to investigate the effect of the presence of pups on contact call rate (this has been done in great detail in Wyman et al 2017). Furthermore, our sample size is to small to attempt to analyse the effect of pups on contact call rate with regards to different environmental conditions. Accordingly, we did not include a figure of pup presence on contact call rate.

Similarly, while we did test the effect of environmental conditions on the condition of meerkats, this was done to show that especially the drought condition affected meerkats negatively. Nonetheless, it is not the main focus of the study and rather an additional analysis. Accordingly, we only included the most important results in Figure 1.

Models provided results for the differences between Wet and Dry conditions and Wet and Drought conditions. I suggest the Authors to test the differences between Dry and Drought conditions in the different models, for example by using the multcomp package in R, to test whether significative differences emerge also for the factors in the two different conditions.

Response: We now provide the comparison between the different conditions in the results section and Supplement 1.

Discussion

I think that the Authors well discussed the results at the light of their hypothesis and that they should focus more on the direct (on call rate) and indirect (on group cohesion) effects of the environment on acoustic signals. However, the discussion lacks a comment on the relationship between call rate and the presence of pups, also at the light of the findings of previous works on the same population, explaining why meerkats may cope with environmental as social factors affecting vocal emission.

Response: As mentioned previously, the objective of this study was to investigate the effect of different environmental conditions on contact call rate. We did not aim to investigate the effect of the presence of pups on contact call rate. We find similar results as Wyman et al 2017 on the effect of pups on overall call rate. We agree that it would have been interesting to discuss the effect of pups, if we had been able to test the interaction between pup presence and environmental condition. However due to our sample size we could not attempt to analyse this and we would not expect a difference.

LL 263-267 I think that the differences between dry and drought conditions affecting the frequency of group splits are not well discussed here.

Response: We added a sentence to clarify the distinction, as indeed the comparison between dry and drought conditions while being discussed was not directly mentioned (L326-L329).

The Authors stated that individuals are less able to maintain cohesion when signal perception is directly affected by the amount of individual spacing between group members, thus expecting a gradual increase in call rate and in inter-individual distance from the wet to the dry and drought seasons. The results are only partially in line with this scenario. How do the Authors explain the different trend observed in the dry season? By providing the results of the comparison between dry and drought season, as suggested before, the Author could also provide more explanation about the observed variation. The hypothesis that fission-fusion dynamics may explain the Authors observations is, in fact, interesting, but it is not completely clear how to read the emerging differences in the group split in relation to the dry or drought condition. Are the Authors stating (LL274-275) that in the dry condition the groups are more dispersed that in the wet condition, while in the drought season they split, and form smaller sub-groups in which the individuals disperse over longer distances? Why this dispersion did not emerge from the distance analysis?

Response:

No, we expected an increase in call rate from dry to wet to drought seasons; and an increase in distance to the nearest neighbour in the drought compared to both the wet and dry seasons (L78-L80). The results are in line with our prediction. We reformulated our prediction to make it clearer. We now provide the comparison between the dry and the drought condition in the supplement.

No, we describe how under the drought (and not the dry) conditions, meerkats were observed foraging within similar distances to their nearest neighbour as in other (wet and dry) conditions, but that small subgroups were foraging further and further apart, eventually resulting in a group split. With the analysis on distance to the nearest neighbour, we investigated the distance at which the focal individual was foraging from its immediate neighbour during that observed segment, and that did not appear to change. We do not have data on the positions of all members of the group, hence our analyses did not allow the investigation of all group members dispersion. We made some changes to make our point clearer.

Reviewer \#2

Review of MS: Signalling adjustments to direct and indirect environmental effects on signal perception in meerkats

I have reviewed the paper by Toni et al. I thought this was a well written and interesting MS that investigated the extent to which meerkats can flexibly modify their group coordination behaviour when faced with both direct and indirect environmental effects on signal perception.

I found the analyses to be solid and the results convincing. My comments are therefore mainly aimed at the discussion of the results which I feel could be broadened slightly.

Specifically, I found the discussion to be very meerkat-centric and hence would encourage the authors to zoom out slightly in the discussion and contextualise the results more broadly. How do their results compare and contrast with similar findings in other species and what are the implications of this? I don't envisage an extensive re-writing here, just a paragraph or two would be useful in understanding how the meerkat results fit in to what is generally known about vocal mitigation of environmental effects on signal perception in animals.

Response: We broadened our discussion and further compare and contrast our finding with previous studies in other species (L340-350).

In line with this, it might also be useful to comment on what light these findings may be able to shed on the ongoing discussion surrounding mammalian vocal flexibility. I appreciate this is not the focus of the paper, but nevertheless such results provide further support against the notion that mammal vocal production is hardwired and confirms that relatively dynamic changes in the social or ecological environment are responded to with equally dynamic changes in vocal production.

Response: We added a sentence to this effect at the end of the discussion L381-383.

Lastly, perhaps some discussion regarding the correlational nature of the findings and the potential drawbacks of this could be important. Furthermore, if the authors have considered following up their observational results with experiments it might be worthwhile outlining what form such experiments might take.

Response: We now discuss the drawbacks of the correlational nature of the findings and suggest possible future experiments for more precise findings (L357-359).

Minor points:

1\) Why did the authors not also include "group" as a random factor when investigating what factors influence group split propensity?

Response: As mentioned L200-203 group identity was included as a random factor

2\) L186: Can you elaborate exactly what you compared in the LRT tests when assessing the significance of each of the fixed effects in the final model.

Response: Done (L215-L216)

3\) L203: Can you provide some quantification of variability around the mean for the differences in call rate when pups were present and absent?

Response: Done (L235-L238)

4\) L34-36: This is an oddly phrased sentence, perhaps consider revising

Response: We reformulated the sentence (L37-L39)

5\) L35-37: You use "thus" twice in quick succession.

Response: We removed a "thus" (L39-L40)

6\) L198: Change to "Increasing dryness substantially affected..."

Response: Done (L229)
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**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: All comments have been addressed

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: No

Reviewer \#2: Yes
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5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes
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6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: The Authors have adequately addressed my previous comments. I thank the Authors for the text integrations and for replying to my comments with clear and precise explanations, that completely fulfill my requirements. I feel that this manuscript is now acceptable for publication.

Reviewer \#2: I have re-reviewed the MS by Toni et al.

My previous issues and concerns have been adequately addressed and I am therefore happy to recommend publication.

Upon second reading I found some additional changes that could be made to aid clarification and readability.

L24: Change "with" to "including"

L31: Change "he" to "they"

L217: Change "did" to "implemented" or something similar.

320 -- commas not needed.

L345: Reference here?

Plus change to: "sympatric-living"

L349: I would put this clause at the end of the sentence, rather than the middle to aid readability.

L355-357: you have "indicating" twice in quick succession. Consider using a different word.

L362: rather than highlighting about different "causes" maybe use the term "causal mechanism"?

L363: "dynamics"

L384-385: I found this sentence a little difficult to follow. It needs to be explicitly stated what your findings confirm.

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).
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